In this paper, we propose a high accuracy open-type current sensor with a differential Planar Hall Resistive (PHR) sensor. Conventional open-type current sensors with magnetic sensors are usually vulnerable to interference from an external magnetic field. To reduce the effect of an unintended magnetic field, the proposed design uses a differential structure with PHR. The differential structure provides robust performance to unwanted magnetic flux and increased magnetic sensitivity. In addition, instead of conventional Hall sensors with a magnetic concentrator, a newly developed PHR with high sensitivity is employed to sense horizontal magnetic fields. The PHR sensor and read-out integrated circuit (IC) are integrated through a post-Complementary metal-oxide-semiconductor (CMOS) process using multi-chip packaging. The current sensor is designed to measure a 1 A current level. The measured performance of the designed current sensor has a 16 kHz bandwidth and a current nonlinearity of under ±0.5%.
Introduction
Recently, the need for high accuracy current sensors has increased for the automobile industry and smart grid applications [1] [2] [3] [4] [5] [6] [7] [8] . In the automobile industry, traditional engine-based cars as well as electric cars need accurate current sensors to control various motors, such as electric motors, electric power steering motors, and brake motors. Furthermore, the smart grid industry needs a variety of high accuracy current sensors to measure the quality and quantity of the power consumption in the facilities of factories. Many IoT (Internet of things) devices are accelerating the necessity of smart small-power metering. Current can be obtained by measuring the voltage drop using a high accuracy shunt resistor. However, the applicable voltage range is limited and the voltage drop is rapidly increased along with the increasing current. As a non-contacting method, many conventional current sensors have utilized current transducers with ferromagnetic-based material by wrapping around the current carrying conductor and leaving a small air gap (typically 2-5 mm) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Due to the properties of ferrimagnetic material, such a structure shows a strong magnetic gain and robustness against crosstalk. However, the size and weight have to be increased according to the magnitude of the measuring current, which makes it hard to install and maintain metering systems in which the installation place of the sensor is normally limited. As an alternative solution, current transformers using an optical signal can be used by utilizing the variation of the optical signal to the magnetic force [13] [14] [15] . Although the optical current sensing method is a candidate for good reliability and sensitivity, the birefringence in the optical cable is prone to vary according to temperature variations.
On the other hand, open-type current sensors based on the magnetic sensor directly utilize the magnetic field induced from a current-flowing conductor, as shown in Figure 1a . The open-type current sensor has many advantages because its structure provides a small size, low cost, a small form-factor and a configurable sensing current level according to the distance to a current-flowing conductor. However, the limited sensitivity of the magnetic sensor may degrade the accuracy of the current sensor. Although the sensor sensitivity can be increased by adding an integrated magnetic concentrator (IMC) using ferromagnetic material, the additional layer has the disadvantage of increasing the overall cost. Moreover, the IMC is sensitive to temperature variations. Another challenge of the open-type structure is that the open-type structure of the sensor is so vulnerable to an external magnetic field that the sensing magnetic field is highly affected by magnetic interference due to adjacent conducting lines [16, 17] . Recently Allego demonstrated a 2.5 A current sensor using a differential structure with two Hall sensors in a commercial product [18] . However, the differential structure does not utilize the best sensing position considering the magnetic field distribution, because normally the maximum point of the magnetic field does not become the next of the conductor line, but the center of the conductor. Moreover, when the required measuring current level is low, for example, a 1 A level, the high accuracy specification of the current sensor becomes very high and extremely hard to achieve [19] [20] [21] [22] .
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In the design of the current sensor including a conductor line, the current-to-magnetic field conversion coefficient, the magnetic sensitivity, the gain and the noise of the ROIC need to be carefully chosen with the resolution and the dynamic range of the ADC in the ROIC, as shown in Figure 5 [26]. Table 1 shows the main design parameters of the proposed current sensor. In the last stage, the overall gain of the signal chain needs to be designed to accommodate the maximum range and minimum detectable signal of the analog-to-digital converter (ADC). For a 0.1% accuracy of the 1 A current sensor, a 1 mA current level should be detectable. For a 1 mA current, the output of the differential PHR sensor becomes 12 μV in this design, which is larger than the input referred noise of the ROIC (=2.4 μV). For the maximum acceptable range, the input signal of the ROIC becomes 360 mV when the measured current becomes 1 A current, which is satisfied by the dynamic range of the ADC in the ROIC. The ROIC needs to amplify the incoming signal linearly from the two PHR sensors, because the output signal of the sensor is very small (~few mV). The overall structure of the ROIC is shown in Figure 6a . To process the two differential signals, two identical signal processing blocks consisting of 
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The ROIC needs to amplify the incoming signal linearly from the two PHR sensors, because the output signal of the sensor is very small (~few mV). The overall structure of the ROIC is shown in Figure 6a . To process the two differential signals, two identical signal processing blocks consisting of a low noise amplifier (LNA), a low-pass filter and a 12-b ADCs are employed. The maximum voltage gain of the LNA is set be 30 dB. Figure 6b shows the schematic of the LNA which, consists of a two-stage amplifier. The feedback circuit with Gm2 consists an indirect current feedback instrumentation amplifier. The high open-loop gain of the amplifier ensures that the output current of Gm1 cancels that of Gm2, so that Vin is equal to Vfb. Thus, Vout will be equal to Vin × Gm1/Gm2 × (R1 + 2 × R2)/R1 [27] . The LNA utilizes a chopping-stabilized structure to shift flicker noise to the high frequency region. To suppress the unwanted large voltage ripple from the offset at the output of the LNA, an extra ripple reduction loop with Gm4 and Gm5 is employed [27] . With a 100 kHz chopping frequency, the flicker noise is shifted to a high frequency and filtered-out by the following low-pass filter. The width and the length for the chopping switch are sized to 1 µm and 0.18 µm to minimize the channel charge injection. The flicker noise as well as thermal noise of the amplifier need to be minimized so 3 mm large-width NMOS transistors are used at the input differential pair. The simulated input referred noise was 24 nV/sqrt(Hz). The low-pass filter utilized the second-order active Sallen-Key topology. The ADC is another important block to determine the overall performance. A 12-b algorithmic structure without a power-hungry sample-and-hold amplifier is adopted to minimize the power consumption [28] . The frequency of the ADC input clock is 4 MHz, which is generated by an on-chip clock generator. To suppress the offset voltage of the PHR sensor, digitally controlled current paths are added for calibration at the input stage. Additionally, to compensate for the temperature variation of the sensor, the bias voltage of the PHR sensor is controlled to compensate for the temperature variation by an internal regulator. The digital controller collects the data of two ADCs and the outputs for the final current data, calibrating the operation of offset and temperature. Figure 6c shows a microphotograph of the ROIC. The IC is fabricated in a standard 180 nm mixed-mode CMOS process. The ROIC chip size is 2 × 2 mm 2 . There is no external circuit except for the PHR sensors. A serial-to-parallel interface is used for the communication to the external block. Table 1 . Main design parameters in the current sensor.
Design Parameter Specification
Current-to-magnetic field coefficient 7.5 G/A Sensitivity of differential PHR sensor Figure 6b shows the schematic of the LNA which, consists of a two-stage amplifier. The feedback circuit with Gm2 consists an indirect current feedback instrumentation amplifier. The high open-loop gain of the amplifier ensures that the output current of Gm1 cancels that of Gm2, so that Vin is equal to Vfb. Thus, Vout will be equal to Vin × Gm1/Gm2 × (R1 + 2 × R2)/R1 [27] . The LNA utilizes a chopping-stabilized structure to shift flicker noise to the high frequency region. To suppress the unwanted large voltage ripple from the offset at the output of the LNA, an extra ripple reduction loop with Gm4 and Gm5 is employed [27] . With a 100 kHz chopping frequency, the flicker noise is shifted to a high frequency and filtered-out by the following low-pass filter. The width and the length for the chopping switch are sized to 1 μm and 0.18 μm to minimize the channel charge injection. The flicker noise as well as thermal noise of the amplifier need to be minimized so 3 mm large-width NMOS transistors are used at the input differential pair. The simulated input referred noise was 24 nV/sqrt(Hz). The low-pass filter utilized the second-order active Sallen-Key topology. The ADC is another important block to determine the overall performance. A 12-b algorithmic structure without a power-hungry sample-and-hold amplifier is adopted to minimize the power consumption [28] . The frequency of the ADC input clock is 4 MHz, which is generated by an on-chip clock generator. To suppress the offset voltage of the PHR sensor, digitally controlled current paths are added for calibration at the input stage. Additionally, to compensate for the temperature variation of the sensor, the bias voltage of the PHR sensor is controlled to compensate for the temperature variation by an internal regulator. The digital controller collects the data of two ADCs and the outputs for the final current data, calibrating the operation of offset and temperature. Figure 6c shows a microphotograph of the ROIC. The IC is fabricated in a standard 180 nm mixed-mode CMOS process. The ROIC chip size is 2 × 2 mm 2 . There is no external circuit except for the PHR sensors. A serial-to-parallel interface is used for the communication to the external block. 
Implementation and Measurement Results
A post-CMOS process was established to connect the differential PHR sensor and the ROIC, which are placed on the upper side. Figure 7a shows the several packaged stacks for the proposed current sensor. The conductor path in copper was placed symmetrically below the ROIC. The PHR sensor was patterned on the ROIC as a thin film form. Although the conductor path can be implemented on the PHR sensor, we designed a pattern on a substrate in a package for simple fabrication and cost. To combine the PHR sensor and the ROIC in the CMOS process, a few steps were necessary, as shown in Figure 7b . First, an extra insulation layer with SiO 2 was deposited and patterned on the ROIC except for the pads because the surface of the original ROIC was not smooth enough. Then, deposition and patterning of Cr/Au (200Å/2000Å) for metal lines were done around the pads of the ROIC so it could be connected to the PHR sensor. To form the PHR sensor, a lift-off process was employed because the sensor was made of chemical materials instead of an etching process of metal with thin-film. Therefore, deposition was first conducted through a sputtering process after a negative photo-resist was used on the patterned ROIC. After the deposition, the negative photo-resist and unused PHR materials were removed using an acetone solution. After the PHR sensor was overlapped on the metallized pattern, another insulation layer (SiO 2 ) was added for protection. The post-CMOS process was conducted at 5 mm × 5 mm chip level. The overall size of the current sensor was 4 mm × 4 mm, including routed metal patterns on the printed board in a quad flat no-lead (QFN) package. The Figure 7c shows a photo of the current sensor after these processes. To measure the performance of the current sensor, the effect of the external magnetic field was measured.
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Conclusions
In this paper, we presented a high accuracy current sensor with a differential Planar Hall Resistance (PHR) sensor. We proposed a differential structure with two PHR sensors to reduce the interference of the magnetic field through extensive magnetic field analysis and optimization. Further, we employed a newly developed planar Hall resistance sensor instead of using a conventional Hall sensor with a magnetic concentrator. The PHR sensor and read-out IC were integrated using multi-chip packaging through a post-CMOS process. We believe that this is the first work that shows a single-chip current sensor using the PHR sensor. The current sensor was designed to measure a 1 A current level. The measured results demonstrated a 16 kHz signal bandwidth and a ±0.5% level accuracy.
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